Strategies to overcome foaming and wall-growth during the cultivation of Morinda elliptica (Rubiaceae) cell suspension cultures in a stirred-tank bioreactor are described. Of all the strategies applied, only bubble-free aeration was successful in eliminating foaming by 100%. Despite the foaming effect of around 40% in G medium strategy with 0.012% (v/v) antifoam, the maximum dry cell weight attained (19.2 g l −1 ) and anthraquinone (AQ) content (4.0 mg g −1 DW) was nearly three times higher than that achieved in cultivation using 0.025% (v/v) antifoam. For continuous cell growth, the effect of inoculum age should also be considered when anti-foam is to be added. P medium strategy, without antifoam addition, not only promoted both growth (18 g l −1 ) and AQ production (9.8 mg g −1 DW), but also resulted in lower foaming and wall-growth (below 30% level), and higher foaming reduction (30-40%).
Introduction
Foaming is one of the problems normally encountered in plant cell bioreactors as a result of bubble aeration (Su, 1995) . Bubbles rising through fermentation broth become encased in a sheath and produce foaming at the surface of the broth (Taticek et al., 1991) . The foam formation is attributed among others to extracellular polysaccharide production (Scragg, 1991) , initial high sugar concentration during the early stages of cultivation, and the presence of proteins, peptides and fatty acids released by lysed cells towards the end of cultivation (Gaden and Kevorkian, 1956; Hall et al., 1973; Prins and Van 't Riet, 1987; Su, 1995) . Foaming may be aggravated towards the end of batch culture due to the presence of cells which may cause reduction in the bioreactor working volume (Wongsamuth and Doran, 1994) . Cells entrapped in a stable foam may form a crust, stick to the reactor wall, or around probes and sample ports affecting the operation of the probes and creating problems for sampling. The accumulating necrotic cells may secrete by-products such as proteases that can inhibit cell growth (Piehl et al., 1988) .
The severity of foaming effects depends on the rate of aeration, composition of the medium, viscosity of the culture, physical structure of the bioreactor vessel, and presence of the cells (Taticek et al., 1991; Wongsamuth and Doran, 1994) . Different measurement techniques and parameters have been reported to characterize foaming. Among them are the ratio of foam volume to gas flow rate (Bahr et al., 1991) , volume of liquid held in the foam (Edwards et al., 1982) , volumetric rate of foam overflow (Zhang et al., 1992) and decrease of foam volume with time (Wongsamuth and Doran, 1994) .
To alleviate or minimize the impact of foaming and wall-growth in plant cell cultures, chemical antifoams such as silicone-based antifoam (dimethylpolysiloxane) and polypropylene glycol (PPG) have been used extensively (Smart and Fowler, 1981; Spieler et al., 1985; Bond et al., 1988; Su et al., 1993) . Other strategies include mechanical foam breaking systems (Kato et al., 1972; Van 't Riet and Tramper, 1991) ; increase of the sparger hole diameter to increase the bubble size (Yasuda et al., 1972) ; bubble-free aeration (Piehl et al., 1988; Su and Humphrey, 1991) ; use of a scraper unit that can reach the entire periphery of the reactor vessel to mechanically push the wall growth back into the culture (Sahai and Shuler, 1984; Kim et al., 1991) ; lowering the Ca 2+ concentration in the medium (Sahai and Shuler, 1984) ; and coating the vessel surfaces with teflon or silicone (Fowler, 1981) .
Among the methods described above, the use of antifoaming agents showed the most promising results because of its practicality. However, the widespread use of antifoam is hindered as presence of antifoam has been reported to lower oxygen diffusivity and gas transfer rate to the cells which consequently lowers biomass yields as has been reported in Catharanthus roseus cell cultures (Smart and Fowler, 1981) . Volumetric oxygen transfer coefficient, k L a, measured with antifoam was as much as 80% lower than those measured without antifoam (Taticek et al., 1991) . The reason can be attributed to the fact that antifoam reduces surface tension, which reduces the mobility of the gas-liquid interface and causes interfacial blockage (Kawase and Moo-Young, 1990) . Use of certain antifoams may also be prohibited especially in the manufacture of food and pharmaceutical-grade products (Wongsamuth and Doran, 1994) . Therefore, other strategies have to be developed as an alternative or complementary to antifoam addition.
In this study, several strategies to reduce foaming and wall-growth in Morinda elliptica cell suspension culture were tested. Initially, antifoam-free methods such as different modes of aeration, paddle orientation and bubble-free aeration via silicone permeable membrane were used. Then the application of silicone antifoaming agent at different concentrations and different inoculum age was investigated. All these strategies were applied in growth (G) and production (P) medium strategies. The objective of this study was therefore to optimize fermentation process for improved cell growth and anthraquinone (AQ) production with lower foaming and wall-growth effects.
Materials and methods

Stock culture and medium preparation
Callus culture of M. elliptica was obtained from Prof. Dr. Marziah Mahmood of Department of Biochemistry, UPM. The callus cells, initially induced from young leaves (Aziz et al., 1997) , were maintained on MS medium (Murashige and Skoog, 1962) containing 3% (w/v) sucrose, 2 mg l −1 2,4-D, 1 mg l −1 kinetin and 2.5 g l −1 phytogel. When the callus culture was one and a half years old, 3-5 g of callus cells were transferred to liquid medium to initiate cell suspension cultures. The liquid medium, termed M medium, was of the same formulation as that for callus cultures, without phytogel. The flasks containing media were sealed with aluminium foil and autoclaved at 121 • C for 15 minutes. Subculture of freely suspended stock cultures in M medium was made at a regular period of 6-8 days. Subculturing involved the transfer of 5-10 ml of suspension cultures into 90 ml fresh medium in 300 ml Erlenmeyer flasks. Stock cultures were placed on an orbital shaker (130 rpm) at 26 ± 2 • C under 16-h photoperiod at illumination of 500 lux. At the time of experiment, the freely suspended stock cultures were 18 months old.
Growth and production medium strategies, termed G and P medium, were both based on MS medium formulation, added with 80 g l −1 sucrose, 0.5 mg l −1 NAA and 0.5 mg l −1 kinetin (Abdullah et al., 1998) . The only difference between G and P medium strategies was that the inoculum for G was grown in M, while inoculum for P was grown in G. Detailed experimental procedures are described below.
Bioreactor inoculum preparation
Inoculum for bioreactor experiments was grown in a 500 ml bioreactor inoculum flask (BIF). The G and P medium strategies were as described before. For bioreactor experiment using G medium, 18 ml of 5-6 days old stock culture was inoculated into 162 ml of M medium in BIF. Inoculum in BIF was grown for 4-5 days before inoculation into bioreactor containing G medium. For bioreactor experiment using P medium, 18 ml of 5-6 days old stock culture was inoculated into 162 ml of G medium in BIF. Inoculum in BIF was grown for 6-8 days before inoculation into bioreactor containing P medium. Medium in the bioreactor vessel was prepared at 1620 ml volume, and autoclaved at 121 • C for 20 min. Upon inoculation of cells into the bioreactor, the initial working volume was 1.8 l.
Bioreactor experiments
Bioreactor experiments were carried out in a commercially available 2 l stirred-tank bioreactor (Biostat M, B Braun Biotech International). The cultures were aerated through a sintered steel sparger. The air flow rate was adjusted manually to the required level using an air flow control system. Exhaust gas was led through a condenser incorporated with a cooling water circuit to minimize water losses. The cooling water system comprises of Frigomix U (B Braun) for cooling; and Thermomix UB (B Braun) for maintaining the temperature at 4 • C and also circulating the cooling water into the bioreactor condenser. The culture temperature was maintained at 30 • C by circulating water from a water bath through the vessel glass-jacket. The culture pH was allowed to fluctuate freely and was measured with a sterilisable pH-electrode (Ingold). The dissolved oxygen tension (DOT) level was measured with a sterilisable oxygen electrode (Ingold). The cultures were illuminated with a fluorescent light of 500 lux intensity. A second sampling-line with wider internal diameter of 9 mm, was installed to facilitate sampling towards the end of culture period.
Relative dimensions of the stirred-tank bioreactor used are shown in Figure 1 . The glass vessel is concave at the bottom to eliminate dead-spots. Based on the W i /D i (= 0.82) and W i /D t (= 0.3) ratios, the impeller can be classified as a large paddle-type impeller whose size is three times that described by Scragg (1991) . Each set of impeller constitutes 2 paddles, and can be positioned on the axis at three different positionsimmediately above the air sparger (LI), in the middle (MI) and near the culture surface (TI). The total length between the sparger and the motor edge (as illustrated in Figure 1 ) is 13.6 cm. For experiments utilizing 3 set of impellers, each impeller is spaced 4.5 cm from each other, allowing 2.3 cm space between the sparger to LI and 2.3 cm between TI and the motor edge. Impellers are arranged alternately on the axis such that from bird's eye view, MI has both paddles 90 • away from the TI and LI positions. For experiments using 2 set of impellers, each impeller is spaced 4.5 cm from each other with 4.6 cm space between the sparger to LI and 4.5 cm between TI and the motor edge. Consider- Figure 1 . Dimensions of the stirred-tank bioreactor used in this study.
ing clockwise rotation, the paddles can be orientated to exert three different pumping modes -verticallyorientated for liquid flows away from the motor axis, 45 • -inclined for downward liquid pumping mode and 45 • -inclined for upward liquid pumping mode.
The silicone permeable membrane used in Expt. A4 was the B type (B Braun) tubing and has a wall thickness of 0.35 mm and a length of 664 cm. The tubing was wrapped around a stand mounted to the vessel top-plate, to form a coil of 11 cm diameter. For half-length tubing in Expt. A5, 332 cm tubing length was used.
Chemical anti-foam used was Silicon Antifoam (Fluka Chemica). Studies on different concentrations of anti-foam and the effect of inoculum age were carried out in 100 ml Erlenmeyer flasks using 35 ml medium volume and 5 ml inoculum. All data presented are mean values of three replicates after 18 days in G and P medium.
Bioreactor experiments were divided into 3 stages -Expt. A, B and C. Expt. A and B were carried out using G medium strategy, while Expt. C was carried out using P medium strategy. The culture temperature was set at 30 • C and the stirrer speed was at 75 rpm (impeller tip speed 21.6 cm s −1 ). All data presented Note: N/D -Not detected. All DW and AQ data are mean values of two runs based on analysis on day 9. a Reduction in foaming was calculated using 60% foaming level in Expt. A1 as the basis. Expt. A and B were conducted in G medium strategy and Expt. C in P medium strategy.
are mean values of at least two bioreactor experiments after 9 days culture.
Analytical procedures
The bioreactor operation was halted on day 9. Freelysuspended cells were allowed to settle and sediment at the bottom of the vessel, leaving at the top of the broth, cells caught in the foam, floating meringue-like cells and wall-growth. Cells in the foam, meringuelike cells and wall-growth were separated from the broth and filtered by suction filtration via a Buchner funnel with a filter paper (Whatman No. 4). After culture volume was noted, the freely suspended cells in the culture broth were harvested through the same process. All filtered cells were rinsed with deionised water. Cells were dried in an oven at 70 • C for 24 h to obtain dry cell weight (DW). The foaming effect, as shown in Table 1 , was measured as the ratio of DW of cell suspension (freely-suspended cells) to the DW of cells harvested in the foam or as wall growth (non-freely suspended cells). For AQ content analysis, 0.020 ± 0.001 g dry cells were deposited in 10 ml vials and AQ were extracted out with 2 ml of dichloromethane for several times until the extractant in the final extraction became colourless. To speed up the release of AQ, the dried cells were slightly wetted with deionized water (without excess water) and left for a few minutes before adding dichloromethane, and the samples were gently shaken on a shaker at 90 rpm. The amount of AQ extracted were measured spectrophotometrically at 420 nm using alizarin as a reference substance (Zenk et al., 1975) .
Critical DOT level was determined according to the method normally used in microbial fermentation (Taguchi and Humphrey, 1966) . In this method, air supply during the cultivation was stopped and the drop in DOT level with time (every 10 second interval) was recorded. The critical DOT level was detected as a point of the deviation of the decline in DOT level from the linear relationship with time. Table 1 shows the effects of various strategies applied to reduce foaming and wall growth of 18 month-old M. elliptica cell suspension cultures in a 2 l stirredtank bioreactor. In Expt. A, strategies adopted were the manipulation of air flow rate, mode of aeration, and number of impellers and paddle orientation, without addition of anti-foam. In Expt. B, antifoaming agent was introduced at selected concentrations in G me- Figure 2 . Effect of silicone anti-foam on M. elliptica cell cultures after 18 days in two types of medium strategy. (A) G medium strategy (M5 or M6 is the 5 or 6 day-old stock culture grown in M medium, respectively, before inoculation into G medium). Symbols represent: ( ) M5; ( ) M6. (B) P medium strategy (the stock cultures were initiated from either M5 or M6 cultures. G7 or G8 is the 7 or 8 day-old stock culture grown in G medium, respectively, before inoculation into P medium). Symbols represent: ( ) M5(G7); ( ) M5(G8); ( ) M6(G7); ( ) M6(G8). Bar indicates standard error for three replicates. dium strategy. In Expt. C, P medium strategy was utilized.
Results and discussion
Strategies to reduce foaming and wall-growth
Mode of aeration and control of air flow rate
Three types of aeration strategy can be appliedintermittent air supply, continuous aeration or bubblefree aeration via silicone permeable membrane. The air flow rate can be controlled in two ways -either maintained at a fixed level throughout the run, or continuously-manually adjusted between 0.16 to 1.6 l min −1 such that the DOT level can be held above 15 -20% level. Critical DOT level was found at 10% but 20% level was chosen to allow for a safe margin. The DOT level in Table 1 indicates the range from day 0 to day 9. The value on day 0 is the DOT level when the probe showed a stable reading after inoculation of cells into the bioreactor.
In Expt. A, we opted for two modes -intermittent air supply where air was supplied at 6 sec interval (Expt. A1-A3) and a bubble-free aeration via siliconepermeable membrane (Expt. A4-A5). In Expt. A2, although foaming was very much reduced by 38%, the DOT level dipped to 2% which was far below the critical DOT level of 10%. Increasing the air flow rate to 1.6 l min −1 supplied at 6 sec interval (Expt. A3), resulted in foaming (51%) as seriously as in the continuously-aerated cultures (Expt. B2). It is clear that out of all the strategies adopted, only bubblefree aeration was successful in eliminating foaming by 100%. This confirms the suggestion that absence of air bubbles in the system could eliminate culture foaming and wall growth (Piehl et al., 1988; Su and Humphrey, 1991; Su et al., 1993) . However, only 31% of the cells in Expt. A4 were harvested as cell suspensions, the rest were found between the gaps of the full-length membrane coil. To reduce this, coil was shortened by half so that the gaps of the coil were larger (Expt. A5). No clogging was observed but the DOT was below critical level of 10% throughout the run, suggesting a limited oxygen supply. In Expt. B1, the intermittent air supply was continuously adjusted at an air flow rate between 0.16 to 0.8 l min −1 . This lowered the foaming effect to below 40%, whilst the DOT level remained above 20%.
Effect of silicone anti-foaming agent
The effect of silicone anti-foam in shake flasks is shown in Figure 2 . A comparison was also made with regards to the effect of inoculum age on growth and AQ accumulation. At 0.05% (v/v) and above, cell growth was greatly suppressed (data not shown). In Figure 2A , cell growth was reduced in the G medium strategy as the antifoam increased. In P medium strategy ( Figure 2B ), the effect on cell growth was less. The AQ content was lower in both G and P media. This may be due to AQ release into the medium as the broth in P medium was yellowish in colour which may suggest that anti-foam has a permeabilising effect.
Our previous study showed the importance of inoculum age for improved cell growth or AQ production (Abdullah et al., 1998) . In Figure 2A , 5-day-old inoculum in M medium (M5) at all antifoam concentrations tested showed better cell growth than 6 day-old inoculum (M6). In P medium ( Figure 2B ), utilising 5-day-old stock culture in M medium as inoculum into G medium, and in turn younger cultures in G medium as inoculum into P medium (M5(G7) and M5(G8)), produced higher cell growth than using older stock culture (M6). We tested the effect of inoculum age (Figure 3 ) by utilising inoculum grown at 180 ml volume of M medium in a bioreactor inoculum flask (BIF). Cells were inoculated (12.5% v/v) after 4, 5 and 6 days of incubation period, into 0.025% (v/v) antifoam-added G medium in 100 ml Erlenmeyer flasks. After 12 days of incubation, only 4-day-old inoculum survived well to achieve 33 g l −1 cell DW; 5-day-old inoculum had the cell growth suppressed by 50% and 6-day-old inoculum resulted in cells completely dead. Each inoculum age corresponds to pre-inoculation cell DW of 10.6, 11.8 and 14.7 g l −1 , respectively.
Although both Figures 2 and 3 suggest that antifoam concentration will affect cell growth, Figures 2A and 2B in actual fact showed that the effect of inoculum age on cell growth was more drastic. The effect of inoculum age on cell growth could be an important factor to be considered should higher concentrations of anti-foam be used (in this study, for concentration higher than 0.025% (v/v)).
In the bioreactor, although antifoam addition of 0.025% (v/v) reduced the foaming effect to below 30% level (Expt. B4), cell growth was retarded. In contrast, despite the foaming of around 40% at 0.012% (v/v) antifoam (Expt. B3), cell DW at 19.2 g l −1 was nearly three times greater and was among the highest ever being achieved on day 9 in our bioreactor operation with G medium strategy. The AQ content of 4 mg g −1 DW in Expt. B3 was also slightly better than 3.5 mg g −1 DW obtained in Expt. B4. Hence, to be able to operate under continuous aeration in G medium strategy without serious foaming effect, addition of 0.012% (v/v) silicone anti-foaming agent is appropriate. This was lower than 0.02% (v/v) silicone-based antifoam concentration suggested for Eschscholtzia californica suspension cultures to adequately control foaming in both a 1 l and 10 l slanted-bottom bioreactor at 0.3 v.v.m airflow rate (Taticek, 1988) .
Medium strategy
We observed that the foaming effect in P medium strategy was generally below 30%. Growth in P medium strategy may have less foam due to a lower flow rate. The air flow rate was consistently at 0.16 l min −1 with the DOT level remained above 20% under continuous aeration in Expt. C1 and C2. In Expt. C4, the DOT level maintained close to 40% with highest air flow rate at 0.3 l min −1 . The DOT level in Expt. C1 and C2 infact did not go below 60%.
Number of impellers and paddle orientation
In this study, the number of impellers was increased from 2 to 3 with the idea that the one installed near the liquid surface (TI) can act as a foam breaker. We discovered later that upon harvesting the cells in the foam, high amount of cells were caught up between the TI paddles and the motor edge. By reverting back to 2 impellers (4 paddles), more space for free flow of cells in suspension was made available. This has resulted in nearly 18 g l −1 of cell DW being harvested on day 9 in Expt. C4, the highest in our bioreactor study with P medium strategy. In this study, the 45 • -upwardly-inclined paddles caused serious foaming (Expt. A1). This could be attributed to the upward direction of liquid flow which could have assisted the air bubbles to stay afloat.
Conclusion
Out of all the strategies adopted to reduce foaming and wall-growth, only bubble-free aeration was successful in eliminating foaming by 100%. Cell growth was lower in the system where air was supplied intermittently compared to continuously-aerated cultures. Growth in P medium strategy reduced foaming and wall-growth without antifoam addition, whilst at the same time promoting cell DW and AQ content.
